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A chromogenic and fluorogenic detection of a nerve agent simulant
was developed based on diethyl chlorophosphate triggered tandem
phosphorylation and intramolecular cyclization ofN-(rhodamine B)-
deoxylactam-2-aminoethanol.
Nerve agents are a group of lethal organo-phosphates that can
irreversibly inactivate acetylcholinesterase of the human nerve
system.1 The extraordinary toxicity of nerve agents can be seen
from Sarin which can kill an average 70 kg man with doses as
low as 0.70 mg. Historically, Sarin has been used by terrorists in
Tokyo subway, leading to thousands wounded and 12 deaths.2
Nerve agents are of growing concerns for homeland security
due to the potential disastrous consequences from terrorist
attacks, providing strong motivations to develop sensors for
facile detection of nerve agents. Prior methods for detecting
nerve agents,3 e.g. mass spectrometry or enzyme based
biosensors, are limited by portability or storage/stability
issues. In contrast, chemosensors, compact and portable, are
advantageous as they require routine instruments and offer the
possibility to detect analytes with the naked eye.
Many elegant strategies have been developed to design
chemosensors that could exhibit chromogenic or fluorogenic
responses in the presence of nerve agent mimics.4 For example,
substrates containing a judiciously positioned hydroxyl moiety
could undergo intramolecular transformations to generate
detectable species upon phosphorylation of the hydroxyl
group (Scheme 1).4c,e,j,m
Herein, we report detection of a nerve agent simulant with
N-(rhodamine B)-deoxylactam-2-aminoethanol via tandem phos-
phorylation-intramolecular cyclization. The cyclization is con-
comitant with opening of the deoxylactam, leading to the formation
of highly fluorescent and colored species (Scheme 2). N-(Rhod-
amine B)-lactam-2-aminoethanol (referred as RB-AE), prepared by
amidation of rhodamine B with 2-aminoethanol, was treated
with lithium aluminium hydride in anhydrous tetrahydrofuran to
give N-(rhodamine B)-deoxylactam-2-aminoethanol (referred as
dRB-AE) in 50% yield. dRB-AE is nonfluorescent and colorless
due to the intramolecular deoxylactam (Scheme 2).
Diethyl chlorophosphate, displaying a similar chemical
structure and reactivity to Sarin, was widely used as the nerve
agent simulant. Upon addition of diethyl chlorophosphate, the
dRB-AE solution quickly turned into red color (Fig. 1). The
reaction rates of diethyl chlorophosphate with dRB-AE in
selected solvents were monitored with UV-vis absorbance at
560 nm. Time course studies showed that dimethylformamide
(DMF) was the preferred assay medium (ESIw, Fig. S1). The
assay was also efficient in aqueous DMF containing up to 2%
(v/v) of water (ESIw, Fig. S1). Kinetic analysis of the reaction
between dRB-AE and diethyl chlorophosphate showed that
the fast phase of the signal production (50% of the maximal
fluorescence intensity) is complete at about 5 minutes (Fig. 2).
The change in relative humidity is an important factor
that needs to be taken into account for on-spot detection.
Scheme 1 Representative chromogenic sensor4c (A) and fluorogenic
sensor4e (B) and their detection mechanisms.
Scheme 2 Proposed fluorogenic and chromogenic reaction mechanism
of the rhodamine-deoxylactam sensor (dRB-AE) with diethyl
chlorophosphate.
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The tolerance of water in the assay system suggests its potential
utility in monitoring nerve agents under practical conditions.
To test the sensitivity of the dRB-AE based assay, diethyl
chlorophosphate was added to the solution of dRB-AE
(1 mg ml1) in DMF containing TEA (3%, v/v) to prepare a
series of reaction solutions with various concentrations of the
analyte. The assay solutions were incubated at room temperature
for 10 minutes and then analyzed by fluorometry. As can be seen
from Fig. 3B, the fluorescence emission intensity peaked at
590 nm increased as a function of diethyl chlorophosphate
concentration. As low as 25 ppm of diethyl chlorophosphate
can be detected under the assay conditions. UV-vis absorption
spectra of the aforementioned titration solutions showed that the
major absorption band centered at 560 nm intensified as the
analyte concentration increased (Fig. 3A). The deep red color of
the assay solution suggested the possibility of qualitative detection
of nerve agent mimics with dRB-AE by naked eyes.
We reasoned that the genesis of fluorescence in the assay
was achieved via nucleophilic attack of the deoxylactam amine
of dRB-AE on the phosphate group of intermediate 1, which is
concomitant with opening of the deoxylactam (Scheme 2). To
validate the hypothesis, RB-AE, the structural analog of dRB-
AE, was tested for its efficacy to detect diethyl chlorophosphate
(Scheme 3). RB-AE differs from dRB-AE in that it contains an
amide moiety (lactam). We envision that the non-nucleophilic
nature of the lactam could impede the intramolecular cyclization
and thus prevent the formation of colored and fluorescent species
in the assay solution (Scheme 3). Analysis showed that no
fluorescent or colored species was produced in the reaction of
RB-AE with diethyl chlorophosphate (Fig. 4), indicating that the
intramolecular lactam of RB-AE remained closed under the
assay conditions. The differential responses of dRB-AE relative
to RB-AE highlight the essential role of the deoxylactam of
dRB-AE in sensing of diethyl chlorophosphate.
To access the identity of the colored species generated in the
assay which was proposed to be compound 2 (Scheme 1), the
reaction solution of dRB-AE with diethyl chlorophosphate
was analyzed by high resolution mass spectrometry (HRMS).
A major peak located at 562.2839 was identified, which is
consistent with the theoretical molecular weight of compound
2 (C32H41N3O4P
+; MW: 562.2829), confirming formation of
compound 2 (Fig. 5). The fluorescence excitation and emission
spectra of the resultant solution were shown to be almost
identical to that of rhodamine B (ESIw, Fig. S2 and S3), further
supporting the formation of the rhodamine fluorophore from
opening of deoxylactam in dRB-AE under the assay conditions
(Scheme 2).
Fig. 1 Comparison of dRB-AE solution (1 mg ml1) in DMF
containing triethylamine (TEA) (3%, v/v) before (left) and after (right)
addition of diethyl chlorophosphate (100 ppm).
Fig. 2 Kinetic profile of the reaction between dRB-AE (1 mg ml1)
and diethyl chlorophosphate in DMF. The color formation was
monitored by fluorescence emission intensity at 590 nm (Ex@560 nm).
The concentrations of the analyte were used as indicated.
Fig. 3 Characterization of the assay sensitivity of diethyl chlorophosphate
with dRB-AE by UV-vis absorption spectra (A) and fluorescence emission
spectra (Ex@560 nm) (B). Analyte concentrations used from top to bottom:
500, 250, 170, 125, 100, 75, 50, 25, and 0 ppm. The insets show the titration
curves by UV-vis absorbance at 560 nm (A) or by fluorescence emission
intensity at 590 nm (Ex@560 nm) (B).
Scheme 3 The non-nucleophilic nature of the lactam impedes
intramolecular cyclization of phosphorylated RB-AE.
Fig. 4 Differential fluorogenic responses of dRB-AE (b) and RB-AE
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Rhodamine-hydroxamate has been reported to detect diethyl
chlorophosphate via Lossen rearrangement.5 Sensing of diethyl
chlorophosphate with dRB-AE was further evaluated using
rhodamine-hydroxamate as the control to compare their
efficiency. The dRB-AE based assay furnished highly fluorescent
and deep colored species that is suitable for visual detection.
Compared to the rhodamine-hydroxamate based assay where the
fluorescence emission intensity declined gradually in the late
phase, the dRB-AE based assay gave highly stable fluorescence
signals (Fig. 6), allowing accurate detection of nerve agents by
fluorometry. It is preferential to detect the ppb level of gaseous
nerve agents for practical applications. Here we show that dRB-
AE is able to detect a single aliquot of diethyl chlorophosphate
in DMF solution at the ppm range. We anticipate that the
detection of gaseous nerve agents with dRB-AE might be
achieved by bubbling a larger volume of contaminated air
into the assay solution.
In summary, a chromogenic and fluorogenic assay of a
nerve agent simulant was developed based on reactive organo-
phosphate triggered irreversible opening of the deoxylactam of
dRB-AE. The assay is sensitive and exhibited improved
kinetics relative to a prior sensor,5 allowing detection of
reactive organophosphates with the aid of instruments or
possibly with ‘‘naked eyes’’. We anticipate that rhodamine-
deoxylactams which are poised to analyte mediated opening of
the intramolecular deoxylactam will be useful as the universal
signal reporting platform for fluorogenic sensing of many
other chemically reactive species with appropriate structural
modifications.
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Fig. 5 HRMS confirmation of formation of compound 2 in the
reaction of dRB-AE with diethyl chlorophosphate.
Fig. 6 Comparison of the time-dependant fluorescence emission of the
dRB-AE (in black) based assay as compared to rhodamine-hydroxamate
(in red). The fluorescence emission at 590 nm of the assay solutions of
dRB-AE (1 mg ml1) or rhodamine-hydroxamate (1 mg ml1) in DMF
containing TEA (3%, v/v) and diethyl chlorophosphate (170 ppm)
was monitored as a function of time using an excitation wavelength of
560 nm.
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